ABSTRACT: Advances in nanotechnology have provided new opportunities for the design of next-generation nucleic acid biosensors and diagnostics. Indeed, combining advances in functional nanoparticles, DNA nanotechnology, and nuclease-enzyme-based amplification can give rise to new assays with advantageous properties. In this work, we developed a microRNA (miRNA) assay using bright fluorescent quantum dots (QDs), simple DNA probes, and the enzyme duplex-specific nuclease. We employed an isothermal target-recycling mechanism, where a single miRNA target triggers the cleavage of many DNA signal probes. The incorporation of DNA-functionalized QDs enabled a quantitative fluorescent readout, mediated by Forster resonance energy transfer (FRET)-based interaction with the DNA signal probes. Our approach splits the reaction in two, performing the enzyme-mediated amplification and QD-based detection steps separately such that each reaction could be optimized for performance of the active components. Target recycling gave ca. 3 orders of magnitude amplification, yielding highly sensitive detection with a limit of 42 fM (or 1.2 amol) of miR-148, with excellent selectivity versus mismatched sequences and other miRNAs. Furthermore, we used an alternative target (miR-21) and FRET pair for direct and absolute quantification of miR-21 in RNA extracts from human cancer and normal cell lines.
■ INTRODUCTION
The monitoring of microRNA (miRNA) expression can be used to predict the development and prognosis of many pathological conditions; 1,2 therefore, miRNA detection is expected to become an important aspect of clinical diagnostics. 1, 3, 4 However, it is particularly challenging for absolute and direct quantification of miRNAs due to their short lengths, low abundances, degradation susceptibility, and high sequence homology. Therefore, the development of novel detection approaches is of a priority.
Through the advancement of nanotechnology, 5, 6 a variety of nanomaterial-based detection platforms have been developed, which endeavor to meet the demanding requirements of clinical practice, 7 such as reliability, accuracy, efficiency, ease of use, versatility, and cost-effectiveness. Among the most promising nanomaterials used in such platforms are colloidal semiconductor nanocrystals or quantum dots (QDs), 8, 9 which have demonstrated great potential in medical diagnosis 10 and biological studies. 11 QDs exhibit numerous unique characteristics including narrow-emission and broad-absorption spectra, high quantum yield (QY), size-or composition-tunable photoluminescence (PL), resistance to photodegradation, and a range of surface chemical modifications allowing display of various functional groups. In particular, the combination of such properties makes QDs excellent components in Forster resonance energy transfer (FRET) 12 systems, when assembled and functionalized with various bioderived components (proteins, 13−15 peptides, 16, 17 nucleic acids, etc.) for a variety of applications.
A particular avenue of interest in current research is hybrid systems composed of QDs and DNA, enabling the detection of various nucleic acid biomarkers. 18−37 Comparing with some other fluorescence measurements, the use of QDs in nucleic acid detection has exhibited significant merits, including high signal-to-noise ratios, low sample consumption, and improved sensitivity. 18 Indeed, the advantages of QDs for fluorescence or FRET have previously been applied to the detection of microRNAs (miRNAs). 38 However, if detection relies solely on hybridization events without amplification, limits of detection (LOD) are typically restricted within the pM-tonM range. 31, 32, 36, 37 To improve on this, various isothermal amplification methods have been used in combination with QD-based nanosensors, such as exponential amplification reaction, 25 target-recycled enzyme-free amplification, 39 enzymatic amplification, 26,28−30 and catalytic hairpin assembly amplification. 40 Such efforts involving target or signal amplification have enabled fM-to-aM LOD to be achieved.
Despite their great promise, QDs suffer from several issues that sometimes restrict performance in biosensing systems. The biggest challenge is maintaining colloidal and fluorescence stability in aqueous biological environments. 12 To this end, QD surfaces must be carefully modified with hydrophilic ligands to confer solubility and dispersity in complex biological solutions. A particular complication of relevance to the present work is that the conditions required for enzyme-mediated amplification are typically not favorable for QD stability and performance. Many enzyme solutions and incubation buffers have thiolated species (e.g., dithiothreitol (DTT)) added to stabilize the enzyme; however, these species are particularly harmful to QDs due to the inherent attraction to QD surfaces, 41 with subsequent displacement of attached species ultimately leading to colloidal instability. 42, 43 Enzyme storage and reaction buffers will typically come with a variety of ions present, for example Na + , K + , and Mg 2+ , which can destabilize the QDs by charge screening and interference with exciton recombination. 44, 45 Temperature stability is a particular problem when using QDs in sensing systems where enzymemediated amplification is performed, as temperatures exceeding 50°C are commonly employed. As a result, there is a need to design sensing strategies that can utilize both QDs and enzymes to take maximum advantage of these high-performance components.
FRET is highly distance dependent (1/r 6 , where r is the separation distance between donor and acceptor). This dependence tends to complicate the facile application of QDs, as it necessitates that the surface coating must be of minimal thickness, introducing an inherent compromise between QD protection and FRET functionality. 12 Commercial streptavidin-coated QDs (SA-QD) 25, 28 have often been used in QD−DNA biosensing systems. These enable quantitative attachment of DNA probes without depleting QD brightness. 18 However, there is low FRET efficiency due to the relatively large size of streptavidin (ca. 5 nm), which greatly increases the overall distance between the QD and its FRET partners on DNA probes. This lowers FRET efficiency and the ultimate sensing limit. Unfortunately, direct attachment of DNA to QDs does not typically yield very stable particles (in contrast to gold nanoparticles), so this is not commonly a viable option. There has been great progress in the design of compact surface ligands that stabilize QDs and facilitate bioconjugation. However, there is still progress to be made for QDs to become versatile enough for use in the most challenging sensing conditions, such as when coemployed with enzymes.
In this work, we assess the utility of coemploying enzymemediated target recycling for miRNA detection and fluorescent QDs as a sensitive signal transduction agent. Considering the points discussed above, we set out to develop a miRNA detection mechanism following some specific design criteria: (1) to separate the enzyme incubation step from the QD incubation and readout, so that the two reactions could be optimized individually to maximize performance; (2) to have a homogenous one-pot assay that did not require any filtration or cleaning steps; (3) to have a universal detection mechanism that is not sequence-specific and that can potentially run in parallel in a single solution (toward multiplexing); and (4) to maximize FRET sensitivity by minimizing the donor−acceptor separation distance.
We have developed an isothermal target-recycling-based miRNA detection mechanism using a single enzyme (duplexspecific-nuclease (DSN)), 46 with a QD-based readout. Various isothermal amplification methods have been developed for miRNAs analysis, such as loop-mediated isothermal amplification (LAMP), rolling circle amplification (RCA), and hybridization chain reaction (HCR). LAMP has shown outstanding specificity in a one-step reaction with a group of target-specific primers; however, this technology has several intrinsic disadvantages such as complex primer design and nonspecific amplification; RCA is an enzymatic process that can generate superlong single-stranded DNA (ssDNA) molecules, but it is very time-consuming because an additional ligation procedure is always required before amplification. Moreover, polymerases are easily inhibited by the accumulated pyrophosphate byproduct. The enzyme-free HCR method is able to provide isothermal molecular signal amplification in varied settings, however, precise design of the hairpins is needed, but systematic guidelines for designing hairpin sequences are lacking. Besides, some nonspecific amplification without target miRNA is typically observed. DSN-based target recycling, which has emerged as a versatile component in developing bioanalytical strategies, has serially been applied for quantitative detection of miRNAs owing to its sensitivity, specificity, short assay time, and lower contamination risk. DSN shows a strong preference for digesting DNA strands in doublestranded DNA or in DNA−RNA hybrid duplexes but does not show sequence specificity or cleave single-stranded DNA or RNA. Additionally, it discriminates between fully matched and slightly mismatched short duplexes.
Our approach splits the reaction in two, performing the DSN-mediated amplification and QD-based detection steps separately such that each reaction can be optimized for performance of the active components. The assay is one-pot and homogenous, with no washing or filtration. The enzyme is not sequence-specific, and the single cascades are driven by specific base-pairing of complementary sequences; therefore, the mechanism should be universal and multiplexable. Finally, FRET is maximized by employing QDs with a compact surface layer and by using FRET probes that bind to the QDs in a proximal orientation, minimizing donor−acceptor separation, which is difficult to obtain using typical "sandwich" approaches. To show the method versatility, we developed configurations for detecting miR-148 (a circulating miRNA significantly dysregulated during H1N1 infection 47 ) and miR-21 (which is upregulated in several pathological conditions such as cancer and cardiovascular diseases and plays a crucial role in the process of cell proliferation, cell invasiveness, and angiogenesis 48 ). By systematically exploring the DSN-based cleavage reaction and QD-FRET-based signal readout, we have achieved a detection limit of 42 fM (or 1.2 amol) of miR-148 in buffer, with excellent selectivity versus mismatched sequences and other miRNAs. Finally, we employed a separate system with a different FRET pair to detect miR-21 in small RNA extracts from human cancer and normal cell lines. Overall, this work presents a sensitive miRNA detection strategy, capable of functioning effectively during coemployment of enzymes and QDs.
■ MATERIALS AND METHODS
Materials, reagents, detailed experimental process, and instrumentation used in the current work are listed in the Supporting Information.
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Assembly of His 6 -Tag DNA onto QDs. Oleic acid-capped CdS x Se 1−x /ZnS (core/shell) QDs (525 or 570 nm emission) in organic solvent were made water-soluble through a ligand-exchange reaction with a dihydrolipoic acid-based zwitterionic ligand as previously described by Medintz et al. 49 Chemoselective, anilinecatalyzed hydrazone coupling chemistry 50 was then used to conjugate a hexahistidine (His 6 ) peptide to amine-functionalized DNA (HisDNA), which allowed them to ratiometrically self-assemble onto the hydrophilic QDs. For QD−HisDNA preparation, QDs were mixed with the indicated molar ratios of HisDNA in borate buffer (50 mM, pH 8.3) and incubated for 30−60 min prior to use. Successful self-assembly was confirmed by gel electrophoresis and analysis of FRET interactions.
DSN Activity on DNA−miRNA Duplexes. The reaction conditions (temperature and concentrations of MgCl 2 , DTT, and the DSN enzyme) for the DSN cleavage step were first optimized. Here, a dual-labeled DNA probe with a black hole quencher 3 (BHQ3) at one end and the dye Alexa Fluor 594 (AF 594 ) at the other was used. In a typical DSN cleavage assay, the reaction was carried out in a final volume of 30 μL containing 40 nM DNA probe, various target miRNA concentrations, and 0.01 U μL −1 DSN in the optimal buffer (50 mM Tris−HCl, 15 mM MgCl 2 , and 0.5 mM DTT, pH 8.0). The reaction was carried out using a thermomixer at 60°C for 2 h and stopped by adding ethylenediaminetetraacetic acid (EDTA) with incubation at 60°C for 5 min (15 mM EDTA in final mixture). The reaction mixture was then transferred to a black polystyrene halfvolume Corning 96-well plate (Sigma) for the detection procedure.
Detection of DNA Probe through QD−HisDNA-Selective Hybridization. QD−HisDNA conjugates ([QD] = 2 nM, [HisDNA] = 30 nM) in nuclease-free duplex buffer (30 mM N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid, 100 mM potassium acetate, pH 7.5) were added to the above DSN mixture (final concentration of QDs was 1 nM) and incubated at room temperature (RT) for 30−60 min. Fluorescence emission was recorded for both the QD and the dye using a SpectraMax M5 microplate reader (Molecular Devices).
Specificity Test. The specificity of the proposed assay was evaluated by analyzing samples containing 100 fM, 10 pM, 100 pM, 1 nM, and 20 nM miR-133a, miR-378, miR-423, and miR-148 with one and three base pair mismatches. AF 594 -labeled (100 nM) DNA probe was used under the optimal condition for each assay. The miRNAs sequences are listed in Table S1 .
Preparation of Cell Culture and RNA Isolation. Human cancer cell lines (MCF-7 and MDA-MB-231) and noncancerous cells (human embryonic kidney cells HEK 293T) were obtained from ATCC as described. 51 RNA isolation from all cells, cDNA synthesis, and reverse transcription polymerase chain reaction (RT-PCR) using commercial kits were conducted according to the manufacturer's instructions. A detailed description can be found in our previous work. 51 RNeasy mini spin columns were then used to separate miRNA-enriched fractions, small RNA species below 200 nt, from the total RNA aqueous solution, and the extracted miRNA was finally obtained by purification with an RNeasy mini cleanup kit. The concentration of miR-21 in the extracted miRNA was determined by RT-PCR.
Quantification of miR-21 in RNA Extracts by RT-PCR and DSN-Assisted QD-FRET. A commercial kit (miScript SYBR Green PCR kit) was used for quantification of miR-21 by RT-PCR. The standard curve of PCR was obtained using synthetic miR-21 of known concentration. A detailed experimental description can be found in our previous work. 51 For miR-21 detection using the DSN-assisted QD-FRET assay, the RNA extract was added into a mixture of 40 nM Cy3-DNA probe and 0.3 U DSN in the reaction buffer (30 μL in total), and the reaction was stopped by EDTA after 2 h at 60°C. QD 525 −HisDNA conjugates in nuclease-free duplex buffer were added to the above DSN mixture (final concentration of QDs was 1 nM) and incubated for 30−60 min at RT. Fluorescence emission was recorded for both QD 525 and Cy3 using a SpectraMax M5 microplate reader (Molecular Devices).
■ RESULTS AND DISCUSSION
Principle of miRNA Detection. A two-step mechanism for miRNA detection is proposed in Scheme 1: (1) DSNmediated dye-labeled DNA probe degradation and (2) QDassisted FRET signal generation. In step one, the target miRNA hybridizes with the dye-labeled DNA probe, forming heteroduplexes, which are then subjected to a DNA-specific cleavage reaction by DSN, leaving the miRNA intact. The released miRNA can repeatedly and rapidly bind to other DNA probes in the solution; therefore, one target miRNA strand leads to cleavage of thousands of DNA probes within 30 min, under optimal conditions. 52 In step two, the remaining uncleaved DNA probes are hybridized with HisDNA−QDs to form QD−dye conjugates, generating a significant change in both QD and dye PL intensity (FRET signal). Importantly, cleaved probes cannot hybridize. The result is a positive correlation between the concentration of miRNA and the intensity of QD fluorescence brightness (I QD ) or an inverse relationship between miRNA and the FRET signal (I dye /I QD ).
Considering the design criteria presented in the introduction, our miRNA detection mechanism presents the following advantages: (1) The two steps of the assay are controlled to favor either the enzyme or the QD.
Step one is performed at high temperature (60°C) in a high Mg 2+ concentration (favorable to the DSN), whereas step two is performed at RT with EDTA added to sequester the Mg 2+ (favorable to the QD). In this way, the performance of the two key components is tailored to allow optimal performance of the full assay. (2) No washing or filtration is required between steps 1 and 2. The temperature is simply decreased from 60°C to room temperature, and EDTA is added, which quickly sequesters Mg 2+ and deactivates the DSN. (3) The detection cascade relies on highly specific interactions between the target miRNA and the simple component oligonucleotides and on nonspecific detection and cleavage behavior of the DSN. Therefore, the system should be universal (working with a wide variety of miRNA sequences) and multiple signaling cascades should work in parallel. (4) To minimize the separation distance between donor and acceptor in the FRET system, we used compact QD−DNA conjugates with minimal surface layer thickness, synthesized by procedures based on those by Medintz et al., 49 which have shown their efficacy in various demanding biological applications. 53−55 Furthermore, the dyelabeled DNA probe was able to bind with the dye oriented proximal to the QD, bringing the dye as close as possible to the QD surface.
The proposed system offers some further general advantages. First, the reaction does not require temperature cycling (as used in polymerase chain reaction (PCR)-based systems), with incubation at a constant moderate temperature (60°C ) instead, followed by room temperature detection. Second, target recycling does not suffer from nonspecific priming and amplification that is typical in isothermal amplification techniques using polymerase enzymes to synthesize new nucleic acids, only a single enzyme and no nucleotides are required, which simplifies the mechanism compared with typical isothermal amplification techniques. Most importantly, the carefully designed two-step assay is optimized for both the enzymatic reaction and the QD-FRET assay. It is important to 
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Characterization of His 6 -Modified DNA Assembly on QDs and FRET Study. The assembly of DNA on QDs was achieved by conjugating His 6 -tag DNA onto zwitterionicligand-protected QDs. To this end, a lipoic acid-derived zwitterionic ligand was synthesized to modify the QD surface via phase transfer, which offers good colloidal stability to the QDs. 49 As shown in Figure S1C , the fluorescence and absorption spectra of the QDs showed only a few nanometer shift after phase transfer, likely due to surface etching of the ZnS shell. 56 This incomplete surface passivation would generally result in a decrease in the fluorescence quantum yield (QY) of QDs. Similar to others, the relative QYs of CdS x Se 1−x /ZnS core/shell QDs after ligand exchange dropped to ca. half (10−20% in borate buffer) of that measured in hydrophobic solvents (40−50% in toluene). The hydrodynamic diameter of ligand-coated QD 570 was measured to be 9 nm by dynamic light scattering, demonstrating the good dispersibility of the hydrophilic QDs, confirmed by transmission electron microscopy (TEM) (Figure S1D inset) . QDs with such short ligands can be functionalized with biomolecules through either covalent attachment or metalaffinity coordination, while retaining high FRET efficiency. 49, 55, 57, 58 To take advantage of polyhistidine-driven affinity to the Znrich QD surface, amine-terminated DNA was functionalized with a hydrazine motif, and then ligated to an aldehydeterminated His 6 peptide sequence via aniline-catalyzed hydrazine formation. 59, 60 Polyhistidine allows rapid binding (less than 30 min) to QDs via metal-affinity coordination, 61, 62 which offers rapid high-affinity self-assembly with control over the number and orientation of moieties assembled per QD. Importantly, it can be used directly without further purification. Furthermore, the histidine−Zn interaction is less sensitive to DTT as it does not rely on thiol-binding and thus constructs are relatively stable in the DTT-rich buffer conditions used herein. Successful self-assembly of QD− HisDNA conjugates was then checked by agarose gel electrophoresis and subsequent FRET analysis. As shown in Figure S2 , the shift of the QD−HisDNA conjugate bands reflects the electrophoretic mobility changes resulting from the increased number of DNA molecules on the QD surface. A gradual decrease in the migration of QD−HisDNA bands was observed with the increase of HisDNA/QD ratio, indicating efficient assembly of HisDNA onto the QDs. Such bands indicate a low distribution of DNA loading number across the 
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To verify the benefit of QD−HisDNA bioconjugation, streptavidin-coated QDs (emission 570 nm) with biotinylated DNA (BtDNA) were used as a comparison for FRET analysis. FRET interactions were recorded while increasing the ratio of AF 594 -labeled DNA probes self-assembled per QD donor. As shown in Figure 1 , conjugation of the DNA probe to the QD quenched the donor fluorescence at 570 nm, while at the same time enhancing the AF 594 acceptor fluorescence at 615 nm through FRET. For the QD−HisDNA conjugate, a significant decrease in QD donor PL was observed with increasing acceptors, and more than 50% fluorescence was quenched at ratios ca. 6. In contrast, the QD−BtDNA conjugate needed more than 12 acceptors to achieve the same quenching effect. A direct comparison is shown in Figure 1C , plotting FRET ratios (FRET ratio = I dye /I QD ). The increase in FRET ratio is clearly superior for the HisDNA−QDs, likely as a result of the thick streptavidin layer on the QD surface. As shown in Figure  1D , the streptavidin layer showed a size of ca. 5 nm by TEM, which is significantly larger than that of the ligand used in the current system (ca. 2 nm). 49 Furthermore, the histidine peptide places the dye acceptor very close to the QD surface, resulting in excellent energy transfer and high FRET efficiency. Moreover, as shown in Figure 1A , the FRET between QD 570 (donor) and AF 594 -DNA (acceptor) reaches a maximum when the dye/QD ratio reached ca. 15. Further addition of AF 594 does not significantly decrease the PL of QD 570 . We therefore determined that the optimal ratio of HisDNA on the QD surface for best FRET performance in our system is ca. 15 .
DSN Catalytic Activity on DNA−miRNA Duplexes. We performed an initial test of the DSN-mediated target-recycling system using a fully complementary (FC) DNA−miRNA heteroduplex and DSN, under optimal reaction conditions, with the products analyzed by 20% denatured polyacrylamide gel electrophoresis (dPAGE). As shown in Figure 2A , DSN showed strong cleavage preference only toward DNA strands in DNA−miRNA duplexes, as previously reported. 46, 63 However, we observed that although the 22-base DNA strands were cleaved into smaller fragments, some of them still retained the ability to hybridize to a full-complementary (FC) HisDNA to quench QD ( Figure 2B ) at room temperature. This would result in a false negative result. The basis of the proposed strategy is the differential hybridization ability of short oligonucleotide fragments after DSN cleavage versus intact DNA probes (22 bases) to the HisDNA−QD, according to the nature of the Watson−Crick base pairing. To avoid these false negatives from the cleaved DNA fragments, two base pair mismatches (2 M) were introduced to the HisDNA sequence at the amine-functionalized end. The mismatches will be present close to the QD surface. Therefore, while this maintained a sufficient hybridization efficiency between the HisDNA and intact DNA probe, the FRET signal caused by the cleaved fragments can be completely impaired ( Figure 2C ) owing to the low T m between the cleaved fragments and the HisDNA with mismatches. It is very important to choose the appropriate position for mismatches within the HisDNA sequence because the use of a mismatched sequence will also affect the FRET efficiency between intact DNA probe and HisDNA, as shown in Figure S3 , due to the T m differences. Indeed, the discrimination ratio (the ratio of quenching efficiencies from the intact DNA versus the cleaved DNA fragment) from 2 M-HisDNA is negligible compared to that of the FC-HisDNA.
Optimization of the DSN Reaction. To maximize DSN performance, the reaction parameters including the temperature and the concentration of MgCl 2 , DTT, and DSN were optimized. To readily measure the cleavage efficiency of DSN, we used a dual-labeled DNA probe with AF 594 at one end and a BHQ3 quencher at the other end. The cleavage of DNA by DSN removed fluorescent AF 594 DNA fragments from the quencher fragments, resulting in a significant enhancement in the fluorescence signal. The rate of change in fluorescence intensity was therefore proportional to the activity of DSN. The highest signal was noted in the buffer containing 15 mM MgCl 2 and 0.5 mM DTT at 60°C (Figure S4 ), which is 10.6°C lower than the estimated T m of the miR-148−DNA duplex ( Figure S5 ). Although a higher temperature facilitated faster 
Research Article dissociation of miRNA, it also caused denaturation of the DNA−RNA heteroduplexes, resulting in a dramatic decrease in the peak value. Other key factors are incubation time for the assay and the absolute amount of DSN used. We set out to investigate these by monitoring the change in the fluorescence signal upon addition of varying amounts of DSN enzyme versus time. As shown in Figure S6 , with a fixed DSN amount, if the incubation time is sufficiently long, this cyclic reaction will repeat until all the probes are consumed ( Figure S6A ). DSN is an extremely thermostable enzyme, and it has been reported that 7% of its activity can be retained even after incubating at 100°C for 30 min. 46 Other DSN-based assays have reported their reaction time from 30 to 120 min under various buffer conditions and temperatures. 29,51,52,64−70 Although a longer reaction time could achieve a higher sensitivity, 2 h was chosen to balance the total assay time. For the amount of DSN used in the assay, the kinetics study in Figure S6B showed that fluorescence of AF 594 increased rapidly with the increased DSN dose from 0 to 0.8 U. Importantly, the nonspecific background caused by DSN digesting ssDNA probes is negligible. As shown in Figure 3A , the relative signal change (F − F 0 /F 0 , where F 0 and F are the fluorescent intensities in the absence and presence of a target) kept increasing with increasing DSN. This is because the DSN enzyme has no preference toward ssDNA due to its strict cleavage specificity. This agreed with the result from dPAGE gel analysis (Figure 2A) .
A further refinement of the assay was required to restrict the effect that DSN could have during the detection step when the QD−HisDNA conjugates were added. Although the addition of EDTA after the amplification reaction (which sequesters Mg 2+ ions that are required for DSN to function) quenched the DSN reaction, we found that the DSN could still affect the subsequent QD-FRET detection step, as shown in Figure 3B . After DSN cleavage, we added QD−HisDNA conjugates for hybridization of the uncleaved DNA probe. With the same concentration of target miRNA, more DSN resulted in a relatively higher QD fluorescence, which indicated less FRET occurring in the system. This resulted in an impaired dynamic range without significant improvement in the assay sensitivity. When a large amount of enzyme was used, it was active on the HisDNA−DNA duplexes on the QD surface, cleaving the duplexes and releasing the dye from QD. Therefore we set out to investigate the effect of the amount of DSN on the final QD-FRET ratio, as shown in Figure S7 . Here, the DNA probe was incubated with varied DSN amounts without target and then QD−HisDNA conjugates were added after deactivation of DSN by sequestering Mg 2+ using EDTA. As can be seen from Figure S7 , the FRET ratio kept decreasing with the increasing DSN concentration, in agreement with Figure 3B . Although a greater DSN concentration would greatly speed up the cleavage reaction, it would diminish the subsequent QD-FRET efficiency, thus affecting the assay sensitivity. To achieve a high sensitivity within a reasonable time frame, we chose 0.3 U DSN in our experiment.
Optimization of the Dye-Labeled DNA Probe. As can be seen from Scheme 1, the initial dye-labeled DNA probe concentration was significantly important for the assay sensitivity. To achieve the best assay performance, the concentration of DNA probe should be kept high enough to ensure that the cleavage of DNA only results from the target miRNA hybridization process, as well as to achieve a wide dynamic range for the assay. On the other hand, a low concentration of DNA probe in the system should yield a distinguishable FRET signal at low miRNA concentrations. As noted from Figure 1A , above the linear dose−response zone, the FRET ratio slowly levels off. Therefore, DNA probeinduced FRET of QD−HisDNA without the DSN amplification was investigated under the same buffer conditions. Most importantly, QD−HisDNA conjugates were found unstable and quenched in the pure DSN optimal buffer (data not shown); however, the design of a two-step assay, using EDTA to sequester all of the free Mg 2+ ions before adding the QDs, greatly improved their stability and fluorescence. Figure S8 shows the FRET ratio of a mixed solution containing QD− HisDNA in nuclease-free duplex buffer with varying amounts 
Research Article of DNA probe in the DSN reaction buffer. Importantly, the same final EDTA concentration was used. With an increasing amount of DNA probe, the FRET ratio increased due to QD− dye FRET. However, the FRET ratio in this mixture buffer condition was much lower than the one tested in the ideal buffer in Figure 1C . This was due to interference and impairment by the enzyme buffer. The FRET ratio in Figure  S8 changed in response to different concentrations of DNA probe. We found a 40 nM concentration of the initial dyelabeled DNA probe to be enough to maintain a compromise between the dynamic range and the sensitivity of our assay and therefore chose this for the following detection of miRNA.
Detection Performance of the Full Assay. Next, we combined the two assay steps, the DSN amplification and QD-FRET detection, for sensing miRNA-148. We chose a QD 570 and AF 594 FRET pair for the miR-148 detection assay. The optimized conditions were as follows: in step 1, 40 nM DNA probe, 0.3 U DSN, 50 mM Tris−HCl, 15 mM MgCl 2 , and 0.5 mM DTT, at pH 8.0 and 60°C, for 2 h; then, in step 2, 1 nM QD−HisDNA conjugates. In the full assay, we observed a positive dose−response in the range of 10 −15 −10 −8 M miRNA, shown in Figure 4A . The limit of detection (LOD) was 42 fM (or 1.2 amol of miRNA) based on 3σ. The saturation point was above 10 nM, indicating a relatively large dynamic range. We obtained a 3 order of magnitude improvement in the assay sensitivity through DSN-mediated miRNA recycling compared to that of the nonamplified QD-FRET-based assay (LOD = 72 pM), as shown in Figure S9 . This is consistent with previous findings. 51, 52, 71 The capability of this assay to distinguish the target miRNA from other miRNA family members was highlighted by the ability of mismatch discrimination, as shown in Figure 4B . Indeed, we observed a significant fluorescence response only in the presence of miR-148, whereas the addition of the other miRNA gave negligible changes. Interestingly, only a slight decrease in the signal was observed from miR-148 with 1 nt mismatch, indicating that DSN still showed cleavage activity on DNA in corresponding duplexes when there was a considerable amount of target existing in the system. Similar results have been reported before. 51 Furthermore, the specificity can be improved by decreasing the target concentration, as shown in Figure S10 . These results indicate that DSN exhibits good selectivity for discriminating among the miRNA family members.
Detection of Endogenous miRNA from Human Cells. To demonstrate the capability to quantify miRNA in a biological sample, we used the DSN-QD method to analyze the endogenous mature miR-21 in different cell lines. The miRNA extracted from human breast cancer cells (MCF-7 and MDA-MB-231) and noncancerous human embryonic kidney cells HEK 293T was diluted and directly used. A standard curve ( Figure S11B ) was made for quantifying the expression levels of miR-21. Figure S12 shows the absolute concentration of miR-21 measured by the QD-DSN method in comparison with RT-PCR as the reference. The expression levels of miR-21 in MCF-7 and MDA-MB-231 cells determined by both methods were higher than those in HEK 293T cells, indicating that miR-21 is highly upregulated in cancer cells as compared to that in normal cells. To evaluate the performance of our method in terms of sensitivity and specificity, we further constructed a contingency table (Table S2) , in which the PCR data set was used as the reference and the upper 95% confidence interval concentration in HEK 293T given by PCR was used as the criterion of positivity. On the basis of this analysis, the sensitivity and specificity of our assay are 100 and 50%, respectively. The obtained results demonstrate that 88.2% of the tested biological samples using the QD-DSN method were accurately discriminated compared with the RT-PCR detection. Considering the simplicity and homogeneous nature (no washing or separation steps) of our assay, it has promise for application in research or clinical settings, especially with further optimization of the QD surface chemistry, which we feel is currently a limiting factor.
■ CONCLUSIONS
In this work, we set out to assess the utility of coemploying enzyme-mediated target recycling and fluorescent QDs for miRNA detection. We have constructed a simple, sensitive, and specific miRNA detection mechanism based on DSN-mediated target recycling and compact QD−DNA constructs generating FRET signals. The DSN-mediated amplification offers unique advantages of high amplification efficiency, isothermal nature, and no nonspecific priming. We demonstrated a detection limit of 42 fM for miR-148 with outstanding selectivity versus mismatched sequences and other miRNAs. In addition, the proposed method was successfully employed for detection of miR-21 using an alternative FRET pair, which was compared with qRT-PCR for the quantitative analysis of miR-21 in biological samples that are rarely interrogated using QD-FRET assays due to the challenging nature of their complex composition. This highly sensitive and specific method therefore shows potential for further development toward a versatile miRNA detection assay. We envisage that further improvements could be made to the detection mechanism with advancements in ultrathin surface chemistries to reduce nonspecific binding while maintaining the fluorescence brightness of QDs. 
